Summary The effect of the calcium antagonists, cinnarizine and flunarizine on the radiation sensitivity of two murine tumours, RIF-1 and SCCVII/St was investigated. Initial experiments giving the compounds at 50mgkg-1 i.p. indicated that cinnarizine had no effect on cell survival after 20Gy of X-rays in the RIF-1 sarcoma and only a small effect in the SCCVII/St carcinoma. However, flunarizine produced a small radiosensitisation in the RIF-1 tumour and a substantial sensitisation in the SCCVII/St tumour. Subsequent experiments in the SCCVII/St tumour indicated that the optimal radiosensitising dose of flunarizine was -55mg kg-1, although some sensitisation was apparent throughout the range of 0.05-500mg kg-1. Flunarizine produced a parallel shift in the X-ray dose response curve, equivalent to a 5-fold reduction in hypoxic fraction. In a normal tissue study, 5mgkg-1 flunarizine did not enhance the reduction in white cell counts produced by X-ray doses of 2-8 Gy. These data suggest that flunarizine may have some potential use as a radiosensitiser.
Tumour blood flow is considered to be an important determinant in the outcome of treatment by a number of agents, including hyperthermia, chemotherapy and radiation. In the case of hyperthermia, poor tumour blood flow may enhance local heating (Knapp et al., 1985) , whereas for chemotherapy, good blood flow to tumours may ensure the drug reaches its target, and for radiation, allow adequate oxygenation essential for effective radiotherapy.
Most tumours exhibit a primitive vasculature (Cater et al., 1962) , and therefore blood flow to the tumour is dependent to a large extent on the blood supply to the surrounding tissues.
A large number of publications have been concerned with the effects of a range of systemically administered vasoactive compounds on the blood flow in tumours (Kruuv et al., 1967; Jirtle et al., 1978; Pallavicini & Hill, 1983) , many with conflicting results. The general conclusion to be drawn is that the response is very much dependent upon the tumour system being studied (see Mattson & Peterson, 1981, for review) .
Nevertheless, alterations in tumour blood flow have recently been used to exploit the properties of certain therapeutic regimens. For example, Chaplin (1986) has found that 5-hydroxytryptamine (5HT) can enhance the effectiveness of the hypoxic cytotoxin, RSU 1069. Similarly Knapp et al. (1986) have used 5HT to enhance tumour response to hyperthermia. In both cases presumably 5HT is acting by decreasing blood flow to the tumour. In contrast, two other vasoactive agents, the calcium antagonists verapamil and flunarizine have been shown to increase tumour blood flow in experimental animals (Kaelin et al., 1982 (Kaelin et al., , 1984 . This property could therefore be exploited in radiation therapy, where enhanced tumour oxygenation brought about by the increase in tumour blood flow is advantageous.
Flunarizine is a unique calcium antagonist in that its vasodilating properties are seen in the peripheral tissues at concentrations which have little effect on the heart or major blood vessels (Nakayama & Kasuya, 1980) . For this reason, together with the findings of Kaelin et al. (1984) flunarizine, and a closely related compound, cinnarizine were studied for their ability to radiosensitise two murine tumours, the RIF-1 sarcoma and the SCCVII/St carcinoma.
Materials and methods

Mice and tumour systems
The tumour lines used in the experiments were the RIF-1 Cinnarizine,
(1-(Diphenylmethyl)-4-(3-phenyl-2-propenyl) piperazine) and flunarizine, (1-[Bis(4-fluorophenyl)methyl]-4-(3-phenyl-2-propenyl)piperazine) were kindly supplied by Janssen Pharmaceuticals, Beerse, Belgium.
The compounds were prepared for injection immediately before use by suspension in peanut oil (Sigma Chemical Co., St. Louis, Mo), and injected i.p. at 0.01 mlg-1 mouse weight.
Irradiations and assay for tumour response Mice were exposed to a single whole body dose of 250 KVp X-rays at a dose rate of 2.85 Gy min-1 while breathing air.
Tumour radiosensitivity was determined by the in vivo/in vitro assay method. Mice were killed by cervical dislocation 18-24 h after irradiation. The tumour was removed, weighed and finely chopped with scissors, then disaggregated into a single cell suspension as previously described (Hirst et al., 1982) . The cell number was determined using a haemacytometer, and the cell suspension was diluted and plated at the required cell concentration in plastic tissue culture dishes (Becton Dickinson Labware, Oxnard, Ca) with Waymouth's medium plus 15% foetal calf serum. Two cell concentrations with three dishes per concentration were prepared for each tumour. Dishes were incubated for 12-14 days at 37°C in humidified 5% CO2 in air, after which time colonies with more than 50 cells were scored and used to calculate the plating efficiency and the surviving fraction.
Plating efficiencies of both tumour lines were 15-30%.
Normal tissue assay
The response of a normal tissue to the experimental treatment was determined using a total white cell count after Br. J. Cancer (1988), 58, 742-745 whole body irradiation. Blood was collected from the mouse tail at different times after irradiation and diluted I in 20 in 2% acetic acid using a standard white cell diluting pipette (Pfeiffer Glass Inc.). The white cell count per mm3 was determined using a haemacytometer.
Results
The time course of the effect of 50 mg kg-1 cinnarizine injected i.p. on the response of RIF-I or SCCVII/St tumours to 20 Gy of X-rays in vivo was determined and the results are given in Figure 1 . Clearly, at the dose given, cinnarizine did not produce a significant increase in cell killing over that for X-rays alone in the RIF-1 tumour. However, this agent produced a significant increase in cell killing (P<0.05) in the SCCVII/St tumour when given 2 or 6h before irradiation. Figure 2 gives the time course for the tumour responses to flunarizine under the same experimental conditions. In this case flunarizine produced a small enhancement in cell killing in the RIF-1 tumour when given 4h before irradiation, and a large effect in the SCCVII/St tumour, where maximal sensitisation, a 10-fold increase in cell killing, occurred when the compound was given 45min before irradiation. These data indicate that at the concentration tested, flunarizine was a better sensitiser than cinnarizine and was more effective in the SCCVII/St than in the RIF-1 tumour. For these reasons, subsequent experiments were carried out using flunarizine in the SCCVII/St tumour.
The response of the SCCVII/St tumour to 20Gy X-rays with varying doses of flunarizine injected 45min prior to irradiation was then determined and the results are given in Figure 3 . There was sensitisation over a wide range of flunarizine concentrations, with the suggestion of a maximum at -5mgkg-1. Also of interest is that doses of 50-500mg kg-1 were slightly less effective than 5mg kg-1 flunarizine. The mice showed no signs of toxicity at these higher doses. Thus the most effective concentration of flunarizine to sensitise to 20 Gy X-rays was 5 S mg kg-1. Figure 4 gives X-ray dose response curves for the SCCVII/ St tumour alone and with 5 mg kg 1 flunarizine administered 45min prior to irradiation.
Flunarizine sensitised this tumour over the whole X-ray dose range tested, giving a parallel shift in the curve, equivalent to a 5-fold reduction in hypoxic fraction. The magnitude of this effect was similar to that seen by Hill & Stirling (1987) in the KHT sarcoma for a 4mgkg-1 dose of flunarizine.
Finally, the effect of flunarizine on an irradiated normal tissue was studied. Mice were exposed to whole body X-ray doses of 2, 4, 6 or 8 Gy, alone or with 5 mg kg 1 flunarizine injected 45min prior to irradiation. Total white cell counts were made before irradiation, daily for 12 days after X-rays, and twice weekly after that, up to 36 days. The experiment was terminated at this time as mice had either died, or white Points are GM+s.e. cell counts had returned to normal. The results are given in Figure 5 . Flunarizine had no sensitising effect on normal tissue exposed to X-rays, as measured by this assay. In fact, at the lower doses, recovery of the white cell count appeared to be more rapid in the flunarizine treated groups.
Discussion
The results may be discussed with reference to the relative effectiveness of cinnarizine and flunarizine as radiosensitisers. It is apparent that, at the initial dose of 50mg kg-1, flunarizine is a better radiosensitiser than cinnarizine in both tumours. This result is in agreement with data for other therapeutic endpoints, where flunarizine is considered more potent than cinnarizine (Desmedt et al., 1975) . However, since flunarizine is active over a large dose range (Figure 3 ) it may be argued that cinnarizine may have some activity at doses other than 50mgkg-1. This was not tested however, since flunarizine was much more potent than cinnarizine at 50mg kg-1, and therefore it was considered unlikely that cinnarizine would be more effective than flunarizine at any dose.
Another point of interest is that the injection of the compounds immediately prior to irradiation appears to produce a small increase in tumour radioresistance. This effect was also seen when peanut oil was given alone, although this drug vehicle had no significant effect on tumour radiation response at any other time interval (data not shown). This suggests that the trauma associated with the injection can slightly alter the radiation sensitivity of both tumours.
The effectiveness of flunarizine in relation to the tumour under study is also an important point. The two tumours used have differing hypoxic fractions, the RIF-I tumour having a low hypoxic fraction of 1 I%, whereas the SCCVII/St carcinoma has about 15-20% hypoxic cells. It may be simple to argue that the larger drug effects seen in the SCCVII/St tumour were due to the larger hypoxic fraction in this tumour. However, after 20Gy only hypoxic cells would remain in the tumour, and the ability of flunarizine to sensitise the SCCVII/St tumour to this dose of radiation with little effect on the RIF-I tumour, suggests the existence of a subpopulation of hypoxic cells within the former tumour which may be targeted by the combined treatment, and which is absent from the RIF-1 tumour.
The response of the SCCVII/St tumour to varying doses of flunarizine gave a very interesting result. There was a very wide dose range over which this compound produced a radiosensitisation, with a maximally effective dose of -5mg kg-1, above which the sensitising effect was reduced. This type of dose response has been suggested by Kaelin et al. (1984) in their blood flow studies, and may be related to the sites of action of this compound. In contrast to most vasoactive agents, and other calcium antagonists, flunarizine at low doses acts at peripheral sites, i.e. the small blood vessels, blood cellular components and the CNS, with little cardiac response (Nakayama & Kasuya, 1980) . At 5mgkg-t the peripheral responses may therefore predominate, and be responsible for the radiosensitisation seen in this system. As the concentration of flunarizine is increased, activity at sites in the heart and major blood vessels may come into play, producing changes in cardiac output and blood pressure. This may lead to the occurrence of the steal phenomenon, counteracting the peripheral responses and thus reducing the overall radiosensitisation produced by flunarizine.
If the conclusion to be drawn is that flunarizine is producing enhanced radiation cell killing in tumours by increased oxygenation, the question arises as to how this is achieved. While a discussion of the exact mechanism of action of flunarizine is beyond the scope of this report, data from the literature suggest two distinctly different means of producing radiosensitisation. Firstly, flunarizine may act on vascular smooth muscle in a manner which increases tumour blood flow. This effect, demonstrated by Kaelin (1984) , together with the increased tumour oxygen content produced by flunarizine (Vaupel, 1987) , suggest that the compound is acting upon the so-called acutely hypoxic cells within the tumour, or those whose oxygen supply is perfusion limited. This conclusion is supported by Jirtle (1988) Secondly, the action of this agent on blood cell rheology may also be important. Hypoxia is thought to increase red and white cell rigidity, although this is still speculative z'Pl.,I-" (Parker, 1981) . One report has shown that reduced red blood cell deformability occurs with increase in tumour size (Cohen, 1979) , and clinical studies in patients with peripheral ischaemic diseases have indicated increased blood viscosity (Schmidt-Schonbein & Volger, 1976; Flaming et al., 1979) . Flunarizine has been shown to be effective in improving tissue perfusion (Schetz et al., 1978; Flaming et al., 1979) , and increasing red blood cell deformability of rigidified red blood cells (DeCree et al., 1979) . Thus it may be argued that flunarizine, by preventing hypoxia induced red cell rigidification, may also be improving tumour perfusion. If flunarizine is to be considered for clinical use as a tumour oxygenator it will be important to establish its effectiveness over a wide range of radiation doses. The data shown in Figure 4 suggest that its mode of action is to reduce the radiobiologically hypoxic fraction, a mechanism which will be effective only as long as hypoxic cells are present.
Another consideration relating to the clinical potential of this compound is its effect on irradiated normal tissue. Flunarizine did not sensitise the bone marrow to radiation (Figure 5 ), which may be expected if flunarizine increases tissue oxygenation, since most normal tissues are well oxygenated. However, the bone marrow as a normal tissue is not dose limiting, and in the case of poorly oxygenated normal tissue e.g., cartilage (Dische, 1983) , the possibility that flunarizine may increase blood flow and radiosensitivity cannot be ruled out, indicating the need for further normal tissue studies.
Finally, if flunarizine is to be of clinical use, it must be effective in fractionated radiation dose regimens. While no evidence is available at this time to indicate how flunarizine may perform under these conditions, data from other workers suggests that increased delivery of oxygen to tumours can be beneficial in fractionated radiotherapy (Suit et al., 1972; Rojas, 1988) . One drawback to the clinical use of this agent has been its very long half-life, and the associated side-effects (Van Neuten & Janssen, 1973; Chouza et al., 1986) . The effective doses of flunarizine administered to mice in our system are indeed comparable to those given clinically (Staessen, 1977) and problems with toxicity may be overcome simply by reducing the dose.
The potential of flunarizine as a radiation sensitiser is demonstrated by this study, and this compound is worthy of further investigation.
